It has been 20 years since the geometric clutch (GC) hypothesis was first proposed. The core principle of the GC mechanism is fairly simple. When the axoneme of a eukaryotic flagellum is bent, mechanical stress generates forces transverse to the outer doublets (t-forces). These t-forces can push doublets closer together or pry them apart. The GC hypothesis asserts that changes in the inter-doublet spacing caused by t-forces are responsible for the activation and deactivation of the dynein motors, that creates the beat cycle. A series of computer models utilizing the clutch mechanism has shown that it can simulate ciliary and flagellar beating. The objective of the present review is to assess where things stand with the GC hypothesis in the clarifying light of new information. There is considerable new evidence to support the hypothesis. However, it is also clear that it is necessary to modify some of the original conceptions of the hypothesis so that it can be consistent with the results of recent experimental and ultrastructural studies. In particular, dynein deactivation by t-forces must be able to occur with dyneins that remain attached to the B-subtubule of the adjacent doublet. Reproduction (2015) 150 R45-R53 q 2015 Society for Reproduction and Fertility
Introduction
The mechanism by which eukaryotic cilia and flagella generate a beat cycle has been one of the most enduring puzzles in cell biology. Perhaps the reason the mechanism has been refractory to intuitive resolution is that the eukaryotic flagellum (cilium) spans two levels of complexity. The cilium is an intricate structure assembled from more than 250 known components (Dutcher 1995) . In fact, a proteomic analysis identified more than 600 cilia-related proteins, and more than half were identified with high confidence (Pazour et al. 2005 , Davis et al. 2006 ). Most of the component proteins are arranged on a geometrically intricate scaffold composed of nine outer doublets and two central microtubules. This complex structure, called the axoneme, forms the main skeleton of the cilium and is assembled from a basal body that is a nine-element centriole. To power a typical 6 mm human epithelial cilium requires w7200 dynein motor proteins. These proteins are arranged in two rows on all but one of the outer doublet microtubules, and at least 15 subtypes of axonemal dynein have been identified in Chlamydomonas flagella, each of which is encoded by a different gene (for reviews, see Hom et al. (2011) , Kikkawa (2013) , Kamiya & Yagi (2014) and Oda et al. (2014) ). An illustration of a flagellar axoneme in cross-section is shown in Fig. 1 .
Each dynein motor protein is a large and complex molecular structure. The dynein motor has been the most difficult of the molecular motors to understand. The heavy chain of the motor is extremely large (w450 000 Da) and extensively folded. The AAA domain that makes up the globular head of the motor has not one but four nucleotide binding sites. Most puzzling, the AAA1 nucleotide binding site, which powers the power stroke of the motor, is w25 nm removed from the tip of the coiled coil stalk that must transmit the force of the power stroke to the adjacent outer doublets. In addition to this almost bizarre degree of complexity, the heavy chain requires an extensive set of accessory light and intermediate chain proteins for full functionality (Gatti et al. 1989) .
It is no wonder then that when the geometric clutch (GC) mechanism was first proposed in 1994, it was not given much credibility. The GC mechanism is almost absurdly reductionist in its simplicity. It focuses entirely on the mechanics of the scaffold created by the microtubular axoneme. It contends that when the dynein motors contact a microtubule, they generate a sliding motion between the doublets. This view of dynein was suggested by the early work on isolated flagellar dyneins. Paschal et al. (1987) first demonstrated that outer-arm dynein layered on glass would translocate microtubules upon contact in the presence of Mg-ATP. Of course, the motors must be in their active state and not inactivated by dephosphorylation. The GC hypothesis assumes that when these minimal conditions are met, the regulation of the motors is simply a matter of positioning. The GC hypothesis makes the assumption that during the relaxed state of the axoneme, dynein motors are not positioned close enough to engage the next doublet; they need to be closer together. By the same logic, the model contends that if the doublets are pulled away from each other, the dyneins will stop pulling.
The most important novel element contributed by the hypothesis is the recognition that when there is linear tension (or compression) on the outer doublets of a bending cilium (or flagellum), a force will always develop in the plane of the bend and transverse to the long axis of the doublet (t-force). The t-forces that develop within a cilium that is being bent by the action of the dynein motors will act to pry the interacting doublets apart, and they will therefore act to terminate the action of the motors. When the cilium is passively bent by fluid flow or by mechanically imposed bending, t-force also develops, but this t-force causes a compression of the structure that pushes some of the doublets closer together. This relationship of t-force to active and passive bending is illustrated in Fig. 2 .
In an intact cilium, the doublets are arranged in a circle. Therefore, the action of dyneins on one side can also be considered to act by passively bending the doublets on the opposite, inactive side. In this way, the dyneins on opposite sides may participate in their own inactivation while simultaneously ensuring the activation of the opposing set of dyneins on the other side of the axoneme. It is this geometric arrangement that provides for the reciprocal activation of opposing dynein sets and allows the GC mechanism to establish a repetitive bidirectional beat cycle.
The clutch mechanism is well defined and simple enough that it was amenable to modeling the working mechanism on a computer. The first model (Lindemann 1994a ) demonstrated that it could produce a stable, reciprocating, cilia-like beat via the t-force mechanism, which inactivates the motors when the outwardly directed t-force reached a certain threshold and activates the motors when an inward (pinching) t-force reached a defined threshold. It also produces a flagellar-like bending wave if the structure is long enough and free to pivot at the base. This first computer model of the GC required a push-start; a straight flagellum has no curvature and hence no t-force to initiate the first activation of the motors.
Obviously, most real flagella do not require a pushstart. Some actually do, but that is another story. The second version of the clutch model (Lindemann 1994b) solved the startup problem by instilling a random probability of spontaneous attachment to each dynein motor. In subsequent iterations of the program, attached dyneins contribute a small positive t-force that increases 
Figure 2
A diagram illustrating the relationship between transverse force (t-force) and bending. When two doublets that are linked to each other only by passive elastic linkages are bent (A and C), the tension on the doublets generated by the elastic linkers results in a pinching t-force that forces the doublets closer to each other. In contrast, when active motors bend the doublets (B and D), the tension on the doublets generated by the active motors results in an outwardly directed t-force that acts to pull the doublets apart. This relationship is independent of the direction of bending, as is shown in the diagram. The sign convention that was used for modeling the action of t-force is shown at the right of each doublet pair. R46 C B Lindemann and others the probability of that neighboring dyneins will attach. This has the effect of generating a cascade of attachment somewhere on the cilium that gets things started. The second model also incorporated realistic values for the mechanical properties of the cilium and for drag resistance from the surrounding viscous medium. The force per dynein head and bending resistance of the cilium (or flagellum) were adapted from prior experimental estimates. The improved model that resulted simulated the behavior of cilia and flagella quite realistically and did not require a push-start. Output from that version of the model is shown in Fig. 3 . In the intervening years since the hypothesis was first developed, it has successfully duplicated the behavior of real cilia and predicted the behavior of real flagella. At the most basic level, if t-force is responsible for dynein switching, then preventing the development of t-force should interrupt the beat cycle. We tested this directly in bull sperm and showed that preventing the development of curvature by mechanically blocking the formation of a basal bend arrests the beat in an active, force-generating stall (Holcomb-Wygle et al. 1999 , Schmitz et al. 2000 . Shortening a bull sperm flagellum by clipping it to a length of 15 mm (30% of the total length) or less also stalls the beat at either endpoint of the beat cycle (Holcomb-Wygle et al. 1999) , as was predicted by the GC computer model (Lindemann & Kanous 1995) .
It has been well established by experimental evidence that extraction of the outer dynein arms reduces the beat frequency, with only a minor change in waveform of the beat (Brokaw & Kamiya 1987 ). This experimental observation was initially a significant challenge for the GC model. A reduction in the number of functional dyneins generally caused a radical change in the waveform of the beat or the complete cessation of beating. Brokaw (1999) showed that in order for his curvature-controlled computer model to match the experimental result of outer-arm extraction, the inner and outer arms had to have considerably different forcevelocity behavior.
The major difference between the force-velocity profiles is that inner arms must contribute most of the force and inter-doublet adhesion at low sliding velocities, whereas the outer arms contribute more of the power at higher sliding velocities. When force-velocity behavior for inner-and outer-arm dyneins, similar to that employed by Brokaw, was incorporated into the GC model, it allowed for the conservation of waveform after the outer arms were disabled (Lindemann 2002) . This suggests that it is an inherent difference between the force-generating properties of the outer and inner arms that is responsible for the observed experimental result, and not something inherently intrinsic to either model.
The experimental evidence that provides support for the GC hypothesis was systematically collected and recently presented in an extensive review (Lindemann 2011) . In the short time since that review was published, some very important studies have emerged that change the shape of the discourse on the flagellar beating mechanism. The present review attempts to assess the impact of this new information and to assimilate it into a coherent reassessment of the clutch hypothesis.
Modeling progress
The development and testing of the GC hypothesis was limited by some of the inherent features of the original computer model. The model was based on a flagellum constructed of 30 discrete segments and time marching with 0.1 ms iteration intervals. The physics of flagellar motion is described by a balance of the torques acting at all points along the length of the flagellum. The bending torque developed by the action of the dynein motors is always exactly balanced by the sum of the torque that results from the elastic restoring force of the structure and the torque that results from viscous drag against the external fluid. In all versions of the original GC clutch model, the balance between hydrodynamic drag torque and the total active and passive bending torque was only approximated. Newer models of flagellar motion in a well-constructed hydrodynamic environment have been developed by other investigators and are more robust in Figure 3 Geometric clutch simulation of a 12 mm-long cilium. The output of the geometric clutch computer model version 3 is shown for the last beat cycle of a 1500 iteration run. Every tenth iteration is plotted, and each iteration represents 0.1 ms. This version of the geometric clutch model was used as the test platform for the study published in Lindemann (2002) . The ciliary effective and recovery strokes are both produced by an identical modeling algorithm that was used to control the dyneins on both sides of the axoneme. The asymmetry of the beat results from assigning a different base level of probability of initial attachment to the dyneins on the two sides of the axoneme: 0.06 for the P-bend dyneins and 0.01 for the R-bend dyneins.
The geometric clutch at 20 R47 this regard (Smith et al. 2009 , Olson et al. 2011 ). This has left open the possibility that the life-like simulation of ciliary and flagellar motion achieved by the various versions of the GC model might not hold up in a more rigorous model.
Two recent developments ameliorate this concern and lend additional credence to the GC mechanism. First, Brokaw (2014) implemented the GC mechanism in his modeling format and applied it to the situation of two interacting doublets. He used this model to duplicate the experimental results obtained in two doublet interactions of the Chlamydomonas axoneme that were published by Aoyama & Kamiya (2005) , discussed in more detail later in the present review. In addition, when the doublets were prevented from separating completely by the imposition of resistive elements between them, the model produced a beat cycle with propagating bends initiated at the base and moving toward the tip. This was effectively the first test of the GC mechanism in an independent modeling format and in a format that was more rigorous and mathematically sophisticated. The Brokaw model also had a representation of the dynein work cycle that was far more complete than any of the previous GC models.
The second major development was accomplished by Bayly & Wilson (2014) . They produced a continuous GC model with only the guidance of our published reports and no direct assistance. The continuous model that they developed does not have the stated limitations of the original discrete GC model. The mathematical treatment is such that it is in a form that can be readily adopted by the mathematics and physics communities. It can potentially allow for more extensive testing of the GC hypothesis and more direct comparison with alternative models. The simulations presented thus far closely resemble those of the original discrete GC model. Apparently, the liberties of approximation in the discrete model were not too great.
Strange flagella, mutant flagella, and frayed flagella
It is well documented that nature has many examples of motile flagella that are lacking one or many components of the central pair-radial spoke (cp-spoke) system. These strange flagella are often still capable of rhythmic beating and flagellar propulsion. The latest example of this is presented in a beautiful study by Mencarelli et al. (2014) for mayfly sperm. These sperm seem to retain only one type of inner-arm dynein and are missing most of the components of the cp-spoke apparatus. However, they generate functional beating and can swim. This is only the latest example of flagella that have a pared-down axoneme structure that is missing various components of the cp-radial spoke complex. The 9C0 flagella of eel sperm are motile and have a somewhat helical beat (Woolley 1997) . In the gall midge, the entire characteristic 9C2 circular arrangement of the doublets is replaced by extravagant spirals of microtubules, and only a single row of outer-arm dyneins is present (Lupetti et al. 1998 ); yet the flagella beat.
Although none of this evidence alone is proof that cilia and flagella with the full complement of cp-spoke structures utilize the same mechanism to generate a beat cycle, it is certainly proof that a beat cycle can result from a mechanism that does not rely on the elements of the cp-spoke complex. It also suggests that the basic beating mechanism may depend more on conserving the spacing arrangement of the microtubules relative to the inter-doublet arrangement of dynein motors than it does on any central governing control.
In Chlamydomonas, the loss of motility in mutants that are missing elements of the radial spokes or the central pair apparatus has long been considered one of the key arguments that the cp-spoke components are essential for the basic beating mechanism. However, in Chlamydomonas that are paralyzed by such mutations, motility can often be reestablished by a suppressor mutation that alters the components of an inner-arm dynein (Porter et al. 1992 (Porter et al. , 1994 . Recently, the dynein regulatory complex (drc), which has a close association with the inner-arm dyneins, has been shown to include the part of the axoneme structure that bridges the doublets and was originally called the nexin link (Heuser et al. 2009 ). This combined structure (drc/nexin) is believed to be important in regulating the inner-arm dyneins, but it is also important in maintaining proper inter-doublet spacing. The studies by Heuser et al. (2009) and Lin et al. (2011) found that the suppressor mutations sup-pf-3 and sup-pf-4 render the drc structurally more like that of the WT. This suggests the possibility that the suppressors may act at least partially by remediating a mechanical deficiency created by the missing components in the paralyzed mutants.
A most impressive recent study (Oda et al. 2014 ) demonstrated that the loss of motility in central pair projection-deficient mutants of Chlamydomonas can be restored by replacing the missing projection with an unrelated protein of suitable size. These findings on Chlamydomonas suggest that the drc/nexin and the radial spoke-cp interactions may both contribute mechanically to the regulation of inter-doublet spacing, and this may be their essential role in establishing a beat cycle.
There is certainly ample evidence to suggest that there are many kinases, phosphatases, and Ca 2C control elements within the intact axoneme of cilia and flagella. It has been shown that these elements are found in key locations on the spokes and in the drc/nexin and that they impact the functioning of the dynein motors (for reviews, see Porter & Sale (2000) and Elam et al. (2009) ). It is not surprising that activating and deactivating subsets of the dyneins must be necessary to turn the flagellum off at times and to alter the shape of the beat cycle for the purpose of cellular responses such as chemotaxis, phototaxis, and hyperactivation. We R48 C B Lindemann and others contend that it is more likely that these regulatory features act on a common underlying beat mechanism rather than constructing a novel way of generating a beat cycle from scratch.
Certain inner-arm dyneins that are subject to tight regulation may actually be important in controlling interdoublet spacing. Two of the inner-arm dyneins have been shown to be poor at translocating microtubules, but they are particularly good at hanging on to a microtubule. Specifically I1 (dynein f), the double-headed inner-arm dynein, and dynein e seem to be specialized to provide inter-doublet adhesion more so than power is. Interdoublet adhesion, or how well the dyneins hold on and resist doublet separation, is a key parameter in the GC model that regulates the 'off' switch. Dynein f is so crucial that it seems to be important for normal beating in Chlamydomonas and is heavily subjected to regulation (Wirschell et al. 2007 ). Kotani et al. (2007) found that dynein f actually acts as a drag on the gliding movement of microtubules powered by other dyneins, but it is much better at holding on than other dyneins are. Studies by Toba et al. (2011) and Heuser et al. (2012) have shown that at least one of the I1 motor domains does not contribute to microtubule sliding and that the intermediate chain/light chain complex also makes contact with the neighboring doublet. Taken together, these observations suggest that the I1 complex may act more as a mobile spacer than as a source of torque generation. Kubo et al. (2012) found that dynein e, which is also heavily associated with the drc/nexin, also plays a peculiar role in motility regulation. It binds more strongly to polyglutamylated tubulin, which improves the active beating of the flagellum, yet it actually slows down the rate at which the doublets disintegrate by sliding. This suggests that its role is more directed at hanging on to the adjacent microtubule than it is at generating movement. It may well be that some of the dyneins themselves play a role in maintaining interdoublet separation and resisting dissociation of the doublets. This could provide a method for regulating the t-force switch-point thresholds that govern and coordinate the power-generating dyneins. Kamiya & Okagaki (1986) published an excellent study on the behavior of individual pairs of doublets that interact with each other after partial disintegration of the Chlamydomonas flagellum. The doublets make contact, adhere to each other, proceed to bend, and finally release from the base to the tip. When the GC clutch was first proposed, this experiment was used as supporting evidence that dyneins could in fact provide the motive force to terminate their own action. When the doublets bend, they come under tension or compression that generates normal forces that pry the pair of doublets apart. Aoyama & Kamiya (2005) later published a much more detailed investigation of the same phenomenon in which they cast doubt on the t-force explanation of the cycle, because many of the events did not involve obvious bending of the flagellum in the dissociation region.
The story did not end there. Brokaw (2009) conducted an in-depth physical analysis of the two-doublet experiment. He showed that with a reasonable assumption for the stiffness of an individual doublet, the buckling of the doublet that was under compression would be adequate to generate sufficient t-force to cause the initiation of disengagement. His computed simulations of the twodoublet experiment were an impressive match to the experimentally observed video sequences.
Finally, the two-doublet experiment with frayed Chlamydomonas axonemes was revisited by Mukundan et al. (2014) using a somewhat modified protocol for splitting the axonemes. They used low (0.01 mM) ATP to activate the sliding of the doublets and a higher Ca 2C concentration than that used in the prior experiments. Under those conditions, they discovered that the separation of the doublets occurs after a significant pause, and during the pause, the pair of doublets is temporarily stationary and exhibits a circular curvature.
The pause and the circular curvature are surprising results. Both provide important clues about the underlying mechanism of deactivation of the dynein motors. It is the circular curvature in a static mechanical equilibrium that tells us that there must be uniform tension along most of the length of the pair of doublets. This can only be possible if all of the tension is being generated at, or near, the distal tip of the pair. The dyneins along the remainder of the pair must have switched 'off' when a threshold of curvature or t-force was reached. This is best explained by the switching mechanism proposed in the GC hypothesis. They estimated that the switching t-force was w0.2 nN/micron. The pause that occurs before doublet separation is even more interesting, because it can only occur if the dyneins are still hanging on to their binding sites on the adjacent tubule (Lindemann 2014) . In the frayed axoneme, there are no permanent inter-doublet connections; consequently, the dyneins, or at least a subset of them, must still be resisting the separation of the doublets even after they have turned off.
Seeing is believing
The results from the study by Mukundan et al. (2014) tell us that the dyneins (or some of them) can remain physically attached to the adjacent doublet and yet be turned off as far as the generation of bending torque is concerned. This is not consistent with the original GC mechanism. In the original conception of the GC mechanism, it was assumed that the dyneins are turned off when they are physically released from the adjacent doublet. Nevertheless, the Mukundan et al. (2014) results are consistent with the images of dyneins in intact axonemes.
It has been consistently observed that the dynein stalks appear to stay connected to the B-subtubule of the The geometric clutch at 20 R49 adjacent doublet in the rigor, relaxation, and active states. This pattern was first evident in elegant freeze fracture replicas on both rigor and relaxed flagella (Goodenough & Heuser 1982 , 1985 and was later reinforced by images on cryofixed active axonemes (Burgess 1995) . The latest images from cryoelectron tomography reconstructions are also arriving at the same ultrastructural picture (Oda et al. 2007 , Kikkawa 2013 , Lin et al. 2014 .
Can this accumulating evidence be reconciled with the GC hypothesis? The ultrastructural evidence from electron micrographic studies suggests that dyneins may actually be attached to the adjacent B-subtubule almost all of the time. The dynein stalk is only in the detached state briefly as the site of attachment 'jumps' after the power stroke. The cryo-reconstructions suggest that the attachments of the dynein stalk to the B-subtubule persist in the low-affinity, relaxed condition. In the original conception of the GC hypothesis, the gap between the doublets in the relaxed condition was thought to be too great for dynein attachment. Mechanical studies of flagellar stiffness seemed to support this view. When flagella are in the relaxed condition, which is induced by either vanadate inhibition of the dynein (Lindemann et al. 2005 , Pelle et al. 2009 or inhibition of dynein by 10 mM ATP (Lindemann et al. 1973) , the flagella are in their most flexible state and their stiffness is minimized.
If the dyneins are still bridging the doublets in the relaxed condition, as the electron micrographic evidence suggests, then it must be that dyneins in the lowaffinity state are free to glide from binding site to binding site along the B-subtubule with little resistance to shear displacement. The study by Mukundan et al. (2014) not only supports this interpretation, but it also suggests that even when this is the case, the power cycle of the dynein is terminated when curvature or t-force reaches a certain threshold.
How might this be accomplished mechanistically? Goodenough & Heuser (1982) showed that in the rigorlike state, the globular heads of the dynein arms were nested in a complex of densities on the A-subtubule. They also showed that in the relaxed condition, this nesting pattern was absent and the globular heads were not as tightly associated with the dense structures on the A-subtubule. Figure 4 illustrates the differences between the rigor and relaxed configurations based on the Goodenough & Heuser images. The figure also illustrates that if the length of the stalk of the dynein is conserved, then the inter-doublet spacing must, of necessity, be less in the rigor state. Burgess (1995) later showed that the same rigor and relaxed configurations that were seen by Goodenough & Heuser were intermixed in images from cryofixed actively motile flagella. The latest work by Lin et al. (2014) may also be viewed as being generally consistent with Burgess's earlier results.
Based on these images, it is reasonable to propose the following explanation: it may be that the nested, or rigor-like, configuration is a required step in the complete cross-bridge cycle of power generation. This is directly consistent with the proposal made by Burgess (1995) from his micrographs of active flagella. It logically follows that if the nested, rigor-like step is prohibited by the separation of the doublets, then it may also terminate the ability of the dynein to deliver force between the outer doublets. Stated another way, if the power stroke of the cross-bridge cycle is interrupted by spatial constraints, motive force can no longer be generated. When the technique of cryoelectron tomography is eventually employed to look at whole actively beating axonemes, it may be possible to determine if inter-doublet spacing varies with the location and phase of the beat cycle.
An additional factor to consider is that whenever flagella are actively beating, ATP is always present to bind to the dynein head and displace ADP. ATP binding to the dynein regulatory sites is likely the trigger that puts the dynein stalk into the low-affinity state, as has been postulated previously (Porter & Johnson 1983) . Blockade of the rigor-like step in the power stroke and conversion of the stalk connection to the low-affinity state could effectively terminate shear force transmission between the doublets. This potential mechanism is illustrated in Fig. 5 .
Following an analysis of the flexibility of the dynein stem, we proposed that force transmission between the doublets would be severely limited if there were not some mechanism to stabilize the dynein head during the power stroke (Lindemann & Hunt 2003) . In addition, work from Warner's laboratory (Warner & Mitchell 1978 , Zanetti et al. 1979 showed beyond any doubt that the formation of rigor bridges physically reduces the size of Mg 2+ ADP Rigor High affinity ATP dependent Relaxed Low affinity Figure 4 Rigor and relaxed configurations of dynein. This is a representation of the differences in configuration of the outer-arm dyneins that are consistent with the freeze-fracture gold replicas of axonemes in the rigor and relaxed states published by Goodenough & Heuser (1982) . It also shows that the nesting of the dynein head on the A-subtubule requires that the inter-doublet spacing is reduced in the rigor state if the length of the dynein stalk is conserved. A reduction in the inter-doublet spacing that accompanies the formation of rigor bridges has been documented by Zanetti et al. (1979) .
R50 C B Lindemann and others the axoneme by drawing the doublets together. They also showed that the rigor bridged state is facilitated by the divalent ions Mg 2C and Ca 2C . We now know that the reduction in inter-doublet spacing in rigor cannot be dependent on the attachment of the dynein stalk to the B-subtubule, because that attachment is visualized in both the rigor and the relaxation states. So what pulls the doublets together and reduces the axoneme diameter in the rigor state? It must be an interaction facilitated at another location in the dynein bridge! The length of the coiled coil stalk of the dynein heavy chain is w15 nm (Burgess et al. 2003) . Changes in doublet spacing would have to be accommodated by other portions of the heavy chain, seeing as protein coiled coils are relatively linear and inextensible. In the rigor state, this could be accomplished by altering the nesting of the globular head in the protein densities on the A-subtubule of the outer doublet (as was suggested by the Goodenough & Heuser (1982) images). This possibility is illustrated in Fig. 5 .
Alternatively, t-force could cause a change in the folding structure of the globular head. In support of this, we can consider Fig. 28 in the Goodenough & Heuser (1982) study, wherein they show a 'stressed' relaxed axoneme. The stalk attachments to the B-subtubule of many of the dyneins had released, whereas other dyneins were greatly stretched and still others showed the globular portion of the dynein suspended between the doublets at a greater distance from the A-tubule than normal. If the doublet spacing were to be increased by t-force and the stalk remained attached, it would most likely be accommodated by an uncoiling of the folded AAA portion of the heavy chain and linker. In fact, Kikkawa (2013) elaborated on this possibility in a recent review on the regulation of dynein and suggested that dynein may be designed to act as a tension sensor. He proposed that the gap between AAA1 and AAA2 is strain-dependent, and the positioning of the two domains may be crucial for ATP hydrolysis in the power cycle. Either one of these putative mechanisms could potentially disrupt the power stroke by effectively preventing the formation of the dynein configuration that is required to carry out the power stroke of the dynein cross-bridge cycle.
Given the accumulated evidence, we now have reason to believe that a required configuration of the dynein heavy chain is needed for the force generation step in the cross-bridge cycle. If that configuration is prohibited by inter-doublet spacing, then the crossbridge cycle cannot generate the necessary shearing force to make the doublets slide. Although this is clearly an unexpected modification of the original conception of the GC mechanism, it is still consistent with a beat cycle controlled by t-force and inter-doublet spacing. If this revised view of the mechanics of the GC mechanism is correct, then factors that have been shown to stabilize the rigor configuration of the dynein bridge, such as Mg 2C and Ca 2C concentration, should directly impact the parameters of the beat cycle by regulating the stability of the required power stroke step of the dynein force-producing cycle.
The most recent experiments from our laboratory seem to support this interpretation. We discovered that a large excess of ATP un-complexed with Mg 2C and a large excess of Mg 2C un-complexed with ATP are both incompatible with stable beating when we used reactivated bull sperm to map the ranges of Mg 2C and ATP that are compatible with a stable beat cycle ). In addition, we were able to show that a high Mg 2C condition reduces the axoneme diameter and inter-doublet spacing ). This was predicted by Warner's (1978) earlier deduction that Mg 2C stabilizes rigor bridges, and this is what draws the doublets closer together. In support of this explanation, we also observed that a high Mg 2C condition renders the flagella stiffer, and a high ATP condition renders the flagellum flaccid.
These results are all compatible with the hypothesis that excess Mg 2C favors the formation of rigor bridges even in the presence of some ATP and that excess ATP prevents effective power generation by preventing the high-affinity state that is needed for the force transmission between the doublets. If indeed the dynein stalk remains attached to the B-subtubule under both
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Step t-force Low affinity ATP bound ATP rebinds Figure 5 The proposed effect of doublet spacing on the dynein power cycle. It has been suggested that the rigor configuration of the dynein bridge alternates with the relaxed configuration when dynein is in the active state that generates flagellar motility (Burgess 1995) . This is illustrated in the upper panel using representations of the dynein crossbridge cycle that include both the relaxed, low-affinity dynein state and the rigor, high-affinity state. Force transmission between the doublets occurs when the dynein is in the high-affinity, rigor-like configuration. This configuration corresponds to the power stroke of the motor. The lower panel illustrates how increased doublet separation interferes with the formation of the high-affinity, rigor-like state and therefore interferes with the completion of the power cycle. The presence of ATP during the motile condition ensures that the dynein active sites have bound ATP and revert to the relaxed, low-affinity state. Therefore, increased interdoublet spacing may render dyneins incapable of force generation.
The geometric clutch at 20 R51 conditions, the only explanation for a reduction in doublet spacing in a high Mg 2C state is that Mg 2C induces a change in another part of the dynein arm assemblage. It follows that this configuration change must be what pulls the doublets closer in rigor. Further experiments to test this prediction of the modified GC hypothesis should be informative.
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